
The output  of both operational ampliciers i s  +10 vol t s  to  -10 wits .  

Ampere-hours a r e  disphyed on a voltmeter whose sca le  i s  ca l ibra teu  
lrom 0 to 100 ampere hours; watt-hours are displayed on a voltmeter 
whose sca le  i s  cal ibrated from 0 t o  2.5 kilowatt hours. A t  the  s tarr  

of discharge the ampere-hour meter w i l l  reset t o  70 ampere-hours, a r d  

t he  watt-hour meter w i l l  rese t  t o  1.7j kilowatt hours. 

ob. 
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1 INTRO WC TION 

The Manned Spacecraft Center of Nun has contracted with The Boeing 
Company for  the development and fabrication o f  an advanced ba t te ry  

energy storage system using vented silver-cttdmium ce l l s .  The contract  
number i s  NHS 9-6470. The work was started on September 27, 1966, and 
w i l l  be completed, except for  the f i n a l  report ,  on September 27, 1967. 
This document i s  a mid-term report ,  which summarizes the accomplishments 
during the first s i x  months. 

The objective of t h i s  program is t o  develop a silver-cadmium secondary 

ba t te ry  energy storage system t o  meet the power requirements of manned 
o r b i t a l  missions of up t o  one year i n  duration. Boeing’s major tasks 

Develop and provide eight  silver-cadmium ba t t e r i e s  of 
m r e  than 70 ampere-hours capacity each, constructed 
from vented cells. 
Develop and provide four charge-discharge control lers  
for  cycling the ba t te r ies ,  plus instruct ion manuals. 
Perform a detai led thermal analysis of t he  ba t te ry  t o  
accurately predict heat generation and temperatures 
over a wide range of operating modes. 
program for  performing the thermal analysis i s  t o  be 
delivered . 
Provide calorimeters fo r  measuremnt of in te rna l  heat 
generation i n  two specially instrumented ba t t e r i e s  . 

A complter 

Important work has been completed i n  the  areas of c e l l  design, venting 
system, ba t te ry  packaging, calorimeter design, and the ba t te ry  charge- 
discharge controller.  Each of these areas is the  subject of a chapter 
i n  this mid-term report. 
pertinent contract  requirements, and continues with a discussion of the  

results obtained during the f i r s t  s i x  months of the contract  period. 

Each chapter starts with a summary of the 



20 PROGRUM 3TulvS 

Figure 1 summarizes the  program s t a tus  and shows the major m i l e -  
stones. Progress on all tasks i s  on schedule. Cells for  the 

ba t te ry  have been designed and prototype c e l l s  u e  now being tested.  
The ba t te ry  package has been designed, and thermal analyses are 

proceeding based on t h i s  design. Typical heat generation experi- 
ments have been conducted, and a generalized correlat ion has been 
developed. H calorimeter concept has been selected,  and detai led 
calorimeter design t rades  have s tar ted,  

Design of the chsge-discharge control ler  has been completed. 

ponents have been selected and ordered, and assembly of the cabinets 

has been started. mpere-hour and watt-hour meters with analog out- 

plt have been developed f o r  monitoring the ba t t e r i e s  during t e s t .  

Com- 

No serious problems have appeared. 

4. 
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RE&uIRlmNTs 

The e l e c t r i c a l  performance requirements of the  c e l l s  a r e  as  follows: 

1. 

2. 

3. 

Nominal Cel l  Rating. 
t o  an end voltage of 0.6 vo l t s  shall be greater than 70 
ampere-hours with c e l l s  operating between 6 0 ' ~  t o  9O.F. 
t he  end of a 75 percent depth of discharge on t h i s  test, 
ba t te ry  voltage shall be greater than  28.0 vol ts .  

Cycling Capability. 
connected c e l l s ,  t he  ce l l a  s h a l l  be capable of operation under 
the following range of t e s t  conditions with programmed and 
fixed loads: 

a )  

C e l l  r a t i ng  a t  a C/2 rate of discharge 

A t  

When packaged a s  a ba t t e ry  of 28 series- 

A t  least 5500 charge/discharge cycles a t  25 percent 
depth of discharge with a 58-minute charge, 36-minute 
discharge cycle. 

A t  least 200 charge/discharge cycles a t  75 percent 
depth of discharge with a ten-hour charge, two-hour 
discharge. 
A t  least 100 charge/discharge cycles a t  up t o  

75 percent depth of discharge on a 24-hour cycle 

(22-hour charge, two-hour discharge) with 8 widely 
varying load which includes peaks having a maximum 
duration of ten second6 a t  a 3C ra te .  

b) 

c) 

Cell Voltage. 
below 25 vol t s  during t h e  above tes t ing.  

The ba t te ry  steady-state voltage shall not f a l l  

Environmental requirements a r e  that t h e  ba t t e ry  operates i n  the pressure 
range of mu Hg t o  760 mm Hg, and i n  an ambient temperature range of 
0 t o  160'3' when mounted on coldplating having a temperature range of 
60 t o  90% 

6 .  



It should be made c lear  that the objective of t h i s  program was t o  bui ld  
ba t t e r i e s  w i t h  vented c e l l s  fo r  laboratory tes t ing .  Thus, trade studies 
of vented c e l l s  versus sealed c e l l s  were not made. 

ba t te ry  i s  not required t o  be a f l i g h t  prototype. 
Furthermore, the 

I n  order t o  insure meeting t h e  above requirements, The Boeing Company has 
specified that there be careful qual i ty  control  during c e l l  manufacture. 
The weight and density of a l l  p la tes  are controlled. 

from average values are as follows: 
Allowable deviations 

Deviation from 
average p l a t e  thickness 

I I 
l e  t i v e  Plates  Posi t ive Plates  

gadmiurn) (S i lver )  

0.002 inches 0.001 inches 

Deviation f’rom 
average p l a t e  weight 

I I I 

4 percent 2 percent 

WORK COMPLETED 

Yardney Elec t r ic  Corporation was selected t o  bui ld  the  ce l l s .  Preliminary 
design of the c e l l s  has been completed, some prototype c e l l s  have been 
bui l t ,  and the  prototype ce l l s  are being tested to ver i fy  performance. 
Production of c e l l s  will s t a r t  after e l e c t r i c a l  perforrmnce has been 
proven by test. 

Eight prototype c e l l s  have been b u i l t  fo r  test ,  and the  weight and 

thicknese of a l l  the  p la tes  used i n  these c e l l s  have been recorded. 
Figure 2 summarizes the data for the negative plates ,  and Figure 3 
summarizes the  data on the  posit ive plates .  
p l a t e  variations are within t h e  required tolerances. 

These data show that the  

7. 
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VARIATION OF 

NEGATIVE PLATES 
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WEIGHT AND THICKNESS 
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The estimated weight of t he  c e l l  i s  3.17 pounds. 
weight of 88.8 pounds for  the  28 ce l l s ,  not including packaging. 

the weight of the packaged bat tery w i l l  exceed the  design weight goal of 

This w i l l  result i n  a 

Thus, 

a5 pounds. 

The c e l l  case w i l l  be made from a styrene ac ry lon i t r i l e  copolymer. 
t h i s  material  is not so good thermally as some other  p las t ics ,  it was 

selected because i t s  transparency i s  important i n  qua l i ty  control  
inspection. 
vent l ines .  

Though 

The cel l  w i l l  have a Swagelock f i t t i n g  f o r  attachment of 

C e l l  dimensions w i l l  be: 

2.81 inches; and depth, 1.75 inches. 
and 13  negative electrodes, with each electrode 2.32 by 6.19 inches. 
pos i t ive  electrodes w i l l  have a t o t a l  area of 345 square inches t o  yield 

a mximum discharge current  density (at 210 amps) of 0.61 amperes per 
square inch. 

height, 8.5 inches including terminals; width, 
Each c e l l  w i l l  contain I 2  posi t ive 

The 

The separators are pellon and modified cel lulose (C-19) 

The m a x i m u m  expected pressure i n  the c e l l s  is  4.4 psig. 
t he  c e l l  cases are capable of withstanding t h i s  pressure, burst tests were 
conducted on three empty cell  cases. 

55 psig. 
and suggests that cell-case thickness and weight could be reduced i n  a 
f l igh t  battery.  

To assure that 

These cases f a i l ed  a t  45, 50, and 
This test  demonstrated t h a t  there  i s  suf f ic ien t  s t rength margin, 

10. 



4. VENTING 

Venting of the  c e l l s  i s  required t o  l i m i t  gas pressure w i t h i n  c e l l s  

during charge and during inadvertant c e l l  reversal .  
must a l s o  maintain a m i n i m u m  c e l l  pressure during operation a t  ambient 
pressures as low as 10 mm Hg. Pressure-measuring instrumentation is 
a l s o  required. 

The venting system 

-6 

As s i l v e r  cadmium cells approach full charge, part of the current goes 
in to  the charge reactions,  and some goes in to  the  production of gaseous 
oxygen. 
t o  provide c r i t e r i a  fo r  t h e  d e s i g n  of t he  venting system and also t o  

help determine the best charge control  se t t ings .  

It was necessary t o  obtain quant i ta t ive data on gassing rates 

The test  setup used t o  obtain gassing data i s  shown i n  Figure 4. Cells 

were placed i n  a water bath having controlled temperature, and the  rate 
of gas evolution was measured by displacement of water i n  g lass  tubes. 
The tubes were addustable i n  height t o  eliminate pressure d i f fe ren t ia l s ;  
a micro-rotometer was used t o  measure high gas flow rates. 

Steady state gassing r a t e s  a t  constant voltage appear i n  Figure 5.  
data show that operation a t  elevated temperature results i n  higher gassing 
rates, and also causes the  onset of gassing t o  occur a t  lower voltages. 
Thus, t o  minimize gas evolution, high temperatures and high charging 
voltages should be avoided. 

These 

Figure 6 shows typ ica l  t ransient  gassing rates as the  c e l l  approaches 

full charge. 
be terminated before t h e  current s tabi l izes  t o  its lower level.  

These data show that t o  minimize gassing the  charge should 

11. 
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Operation of the ba t te ry  a t  low pressures i s  expected t o  cause gassing 

t o  start a t  lower voltages. 
Assuming 3.5 psia i n  the  ce l l ,  t h e  calculat ion showed that gassing w i l l  

s t a r t  a t  0.01 vo l t s  less than a t  atmospheric pressure. 

The magnitude of t h i s  e f f ec t  was calculated. 

A sample was collected of t h e  gas evolved a t  the  maximum voltage used 
i n  the  gassing tests (2.12 vol ts) .  

resolut ion mass spectrometer, and the  r e su l t s  are shown i n  Table 1. As 

expected, the  gas was mostly oxygen, and t h e  remaining gases detected 
were i n  very minute quantit ies.  It i s  concluded, therefore, that venting 
of a s i l v e r  cadmium b a t t e r y t o  t h e  in t e r io r  of a spacecraft  should not 
cause a heal th  hazard. 
hydrogen w i l l  not be evolved a t  lower voltages, a t  least u n t i l  t h e  cadmium 
electrode reaches a high state of charge (which requires considerable 
p r io r  gassing). 

The gas was analyzed i n  a high 

No hydrogen was present, and it i s  assumed tha t  

The c e l l  venting system planned i s  shown i n  Figure 7. 
connected t o  a common manifold having a s ingle  pressure relief valve. A 

removable C02 scrubber is  provided t o  prevent carbonate formation a t  t he  
relief valve during storage, and a f i l t e r  i s  provided t o  minimize 
inadvertant contamination of the  relief valve and t h e  pressure transducer. 

A l l  28 c e l l s  are 

Two items i n  t he  vent system were considered t o  be c r i t i c a l .  

separation of gas and vapor i n  each c e l l ,  t o  prevent l i qu id  carryover in to  
the manifolding. 
pressure relief valve. Tests conducted on these two items have resulted i n  

sa t i s f ac to ry  solutions. 

below : 

One was t h e  

The other  was t he  r e l i a b i l i t y  and performance 02 t h e  

Results of  these investigations are sunrmarized 

Liquid Vapor Separation. 
a means t o  separate l iquid and g a s  during venting. 
scope of t h i s  program, an attempt was made t o  see i f  a simple device 

could be incorporated i n t o  t h e  vent port design t o  achieve separation a t  

Flight qual i f ied vented b a t t e r i e s  w i l l  require 
Though beyond the 



a Table 1 

SPECTROSCOPIC ANALYSIS OF EVOLVED 
GAS DURING OVERCHARGE 

a 

s 

Molecular 
Weight 

15 

18 

20 

28 

29 

32 

33 

34 

40 

41 

43 

44 

G g S  

CH4 

H2O 

N e  

N2 

c 9 4  

O2 

A 

Hydrocarbon 

Hydrocarbon 

c02 

Approximate 
Quantity 

Slight Trace 

Nearly Saturated 

Very Sl ight  Trace 

Less than 1% 

Slight Trace 

Almost 100s 

Very Sl ight  Trace 

Trace 

Slight Trace 

Very Slight h-ace 

Very Sl ight  "race 

Trace 

Comment 

* 

Expected 

Atmospheric Tract 

Diluent Cas 

* 

Expected 

Natural Isotope 

Natural Isotope 

Atmospheric Trace 

* 

* 

* Possibly fram Apezone grease o r  Tygon tubing 
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1. 

2. 

3. 

Based 

very low gravity.  
a phase-separating vent based on the  low we t t ab i l i t y  of teflon. 

te f lon  and other materials were therefore acquired and tested fo r  
effectiveness as a phase separator. 
the  vapor-liquid separation s tudies  and t e s t s :  

Theoretical s tudies  show the  poss ib i l i t y  of designing 

Various 

The following conclusions result fran 

Liquid carryover by gas during venting under grav i ty  
conditions is not expected t o  be a problem since 
carryover occurs a t  vent rates approximately s i x  times 
higher than  the maximum vent rates contemplated. 
Some type of separation device should be used t o  t r a p  
f i n e  m i s t ,  and t o  confine the  e l ec t ro ly t e  during 
occasional sloshing or  splashing. 

Teflon r epe l l s  KOH solution w e l l  enough t o  show promise 
as a liquid-gas separation mechanism for  very low 
gravi ty  . 

on these s tudies ,  phase separation fo r  the  c e l l s  for  t h i s  program 

w i l l  be achieved by suf f ic ien t  spacing of the vent above the  l iquid,  and 
by the  use of t e f lon  f e l t  i n  the vent t o  t r a p  f ine  m i s t .  

Pressure RelieP Valve. 
i n  the  choice of a James Pond and Clark "Circle-Seal" pressure r e l i e f  
valve. 

showed good promise f o r  t h i s  application. 
t h i s  valve was t o  determine its leakage charac te r i s t ics .  
the  test set-up used. 
KOH solution t o  simulate mist picked up during gassing. 

A quest f o r  a good pressure r e l i e f  valve resulted 

This valve had been used on several  p r io r  space programs and 
The first test  conducted on 

Figure 8 shows 
A i r  is scrubbed of C02, then bubbled through a 

I n  one test, t he  s e n s i t i v i t y  of t he  valve t o  carbonate formation was 

determined. The valve was subjected t o  repeated opening and closing, 
and no C02 scrubber was used. Reaction of atmospheric carbm dioxide 

w i t h  potassium hydroxide caused potassium carbonate t o  form within the  
valve. The i n i t i a l  e f f e c t  was increased leakage. As potassium carbonate 

18. 
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b u i l t  up, however, the valve would occasionally s t i c k  shut; once the  
opening pressure increased from 4.2 psig t o  8.1 psig. From t h i s  test it 
was concluded t h a t  t he  valve should be protected from carbonate formation; 
therefore,  a removable cannister containing 

C02 removal. 

w i l l  be used fo r  

I n  a second test w e  measured the leakage of a new valve i n  a simulated 

l i f e  test. 
valve i n  a KOH solution a t  130°F. 
was mildly etched, and the grease i n  the "0" r ing  seat had disappeared. 
The "0" r ing  i tself  d i d  not appear t o  be affected,  however. This valve 
w a s  then tes ted  fo r  leakage i n  t h e  test setup shown i n  Figure 8, with the  
C02 scrubber ins ta l led .  

th ree  psig was reached, although occasional leakage was observed a t  lower 
pressures. Figure 9 shows the highest  leakage rates measured. 

KOH corrosion was accelerated by p r io r  immersion of the 

A f t e r  t en  days, the valve housing 

Consistent leakage d id  not appear u n t i l  approximately 

A reasonable annual oxygen loss i n  one cell i s  1860 cc of g a s  per year, 

which corresponds t o  the  e lec t ro lys i s  of 3 cc of water. 
used per c e l l ,  the  maximum expected leakage i s  s ign i f i can t ly  less than  1860 
cc per year, as shown i n  Figure 9. 
28 ce l l s ,  the  design margin is so Large t h a t  leakage should not be a problem. 

If one valve i s  

Since one valve w i l l  be used t o  vent 

A t h i rd  concern with the pressure relief valve was whether it would pass 

gas  eas i ly  enough t o  prevent s ign i f icant  pressure rise i n  t he  c e l l .  
charac te r i s t ics  were therefore tested, and the  results are shown i n  Figure 

10. Using gas evolution test  data as a basis, an estimate was made of t he  

maximum gassing r a t e  t h a t  could occur, a l s o  shown i n  Figure 10. FrDm t h i s  

study, it was concluded that the maximum pressure i n  the c e l l  would not 

exceed 4.4 psig. 

Flow 

20. 
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5 .  BAlTEBY PACKAGING 

The b a t t e r i e s  b u i l t  on t h i s  contract a r e  fo r  laboratory use, and a r e  
not t o  be f l i g h t  prototypes. 

minimum, we have chosen t o  use 28 c e l l s ,  each of which w i l l  provide 
s l i g h t l y  over one vo l t  per ce l l .  
t o  be provided by attachment t o  a NASA-furnished cold p l a t e  which w i l l  be 
maintained within the  range of 60'~ t o  90°F. 
for  venting of t he  c e l l s ,  and must a l s o  include instrumentation t o  measure 
temperature, pressure and voltage of t he  ce l l s .  

To meet the  requirement of 28 vo l t s  

Temperature control  of the  ba t t e ry  i s  

The package must provide 

Thermal considerations were emphasized i n  the  packaging of the  bat tery.  
The thermal design objectives f o r  packaging are: 

1. 

2. 

3. 

L i m i t  battery temperature. 
as hot as gO"F, i t  would be possible fo r  a poorly designed 

ba t te ry  t o  operate a t  r e l a t ive ly  high temperatures. 
temperatures result i n  shortening of l ife.  

Obtain uniform ce l l - to-ce l l  temperatures. 
package designs w i l l  permit cen t r a l ly  located cells t o  

become ho t t e r  than  peripheral  ce l l s .  The object ive of 
balanced c e l l s  can be met only i f  a l l  t he  c e l l s  a r e  a t  
nearly the  same temperature. 
Obtain uniform temperatures within c e l l s .  
that a l l  t he  p la tes  i n  a c e l l  come t o  f u l l  charge a t  the  
same t i m e ,  t h a t  t h e  current densi ty  be uniform, and that 

material migration be minimum. These object ives  w i l l  be 

enhanced i f  temperature gradients within c e l l s  are minimum. 

Since the  cold p l a t e  can be 

H i g h  

Some ba t t e ry  

It is  desirable  

WORK COMPLETED 

Thermal Design 
A detailed thermal ana lys i s  of a s ingle  c e l l  WE made t o  determine the 

best method of removing in te rna l ly  generated heat. 
based on a 3-dimensional heat t r a n s f e r  model of a rectangular c e l l  with 

This analysis  was 



exter ior  dimensions of 1.75 i n .  by 2.81 in. by 7.25 in. ,  excluding 
terminals, which a r e  on the smallest surface and on the  top. 

composed of 25 p la t e s  i n  a styrene case. Each p l a t e  was thermally 

represented by 20 nodes, resul t ing i n  a 530-node model f o r  t h e  c e l l .  
Therms1 conductances were calculated. 

A c e l l  is  

Six conditions were analyzed t o  determine the  basic l imi ta t ions  on 

temperature control  imposed by charac te r i s t ics  of t h e  c e l l  i t s e l f :  
1. 

2. 

3. Bottom isothermal 
4. Terminals isothermal 
5;. One face and bottom isothermal 
6. 

One face isothermal (2.81" x 7.25'' surface) 

One edge isothermal (1.75" x 7.25" surface) 

One face,  one edge and bottom isothermel 

The isothermal surfaces were hea t  sinks, held a t  70.F. Figure 11 gives 
the resu l t ing  temperature prof i les  across  the  centers of the  two faces. 

Results show that the  best single surface fo r  heat removal i s  the face, 
followed by the edge, bottom, and terminals, i n  that order. Therefore, 
fur ther  heat removal s tudies  and packaging concepts were based on the  use 
of ex ter ior  surfaces, ra ther  than  on the use of the terminals. 

One possible heat-removal concept uses the  c e l l  bottom surface and f i n s  on 
the  two faces. 
12 fo r  0.040 in .  and 0.080 i n .  f ins .  
for both f i n  thicknesses. 

r e tu rns  a r e  obtained from f i n s  th icker  than 0.040 i n .  For example, going 
from 0.040 in .  t o  0.080 in.  f i n  thickness reduces t h e  average temperature 
rise by only 5OF from 22°F. 

Results of a n  ana lys i s  of t h i s  approach are given i n  Figure 
The temperature gradients a r e  small 

Further calculat ions have shown that diminishing 

Using the s ingle  c e l l  thermal analyses as a basis, thermal performance 
guidelines were established t o  a i d  i n  se lec t ing  the  f inal  packaging design. 
These guidelines are shown i n  Table 2. 
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TABLE 2 

- 

CELL COOLING APPROACH 

One Surface 

Two Sur faces  

Three Sur f sces  

Four Sur faces  

Five Sur faces  

Termi na 1 E 

Bot-l-,om 

Edge 

Face 

Edge and bottom 

Face and bottom - - - - - - -  
Face and' 'edce 

Two edges 

Two faces 

Two edges and bottom 

One Pace, one edct 

TWG edges, one f a z e  

Two faces  and bot:om 

Two f aces ,  one edge 

an? 'io;tm - - - - - - -  

Two edges, one f a c e  

Two f aces ,  one edge 

Two edges, two f a c e s  

and bottom 

an6 bottom 

Tido edges, two f a c e s  
and bottom 

THEFMAL PERFORMANCE 

Poor, ina c c ep table 

Fair , E c c eptab le 

Go ad, a c c er, +Ab 1 e 
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h t e r i a l  Selection 

The major functions of the package material  a r e  t o  conduct heat and 

provide mechanical support with low weight. 
materials was narrowed t o  the magnesium and aluminum a l loys  i n  Table 3, 
Which also shows their thermal charac te r i s t ics .  

believed t o  the  most applicable of the  two comparison c r i t e r i a ,  and on 
t h i s  bas i s  the  magnesium al loys a r e  generally best, although there  i s  a 

wide spread between the best  and the worst magnesium al loys.  

The spectrum of possible 

Constant weight i s  

Magnesium was selected for  packaging. 
aluminum for  the ba t t e ry  case and heat t ransport  f i n s  a re :  

Advantages of magnesium over 

1. Higher strength-to-weight r a t io .  

2. 

3. 
4. 

Higher thermal conduction per un i t  weight. 
Greater res i s tance  t o  potassium hydroxide (KOH) at tack.  
Closer lnatch i n  t h e m 1  expansion with c e l l  case. 

The disadvantages of magnesium a re :  
1. Corrodes easi ly ,  and the required corrosion 

protection may increase the  thermal res i s tznce  
between c e l l s  and the cold plate .  
Fabrication i s  sometimes d i f f i c u l t  and cost ly .  
Long lead t i m e  i s  needed i n  acquiring some s i zes  
and alloys. 

2. 

3. 

I n i t i a l  inqui r ies  on the delivery t i m e  of magnesium a l loys  shared t h a t  

long lead times might be involved fo r  anything other  than  t h i n  sheets. 
Therefore, methods of protecting aluminum from KOH were evaluated t o  

determine i f  aluminum could be a suitable backup. 
protect ive coating (BAC 10-16~) shwed t h a t  good res i s tance  t o  KOH i s  

achieved if scratches and nicks a r e  absent. 
could be used i f  necessary, since KOH would reach the  aluminum only i n  the 

event of simultaneous cell-case fa i lure ,  adhesive parting, and damage of  
the protect ive coating. 

Tests with a two-step 

This suggests that aluminum 

28 . 



Table 3 

THERMAL COMPARISON OF MAGNESIUM AND ALUMINUM ALLOYS 

Material 

Magnesium 

Alloys 

Aluminum 

Alloys 

A 2  3l.B 
HM 2IA-T5 

HK 3IA-H24 
M I A  

~ 6 0 - ~ 6  
Z ~ O A - T ~  

ZElOA 

2 0 1 4 - 6  
2024-T3 
2024-Tb 

2219-6 
6061-6 
7075-6 
7079-6 

Density 
( P I  

1b/in3 

0.064 

0.065 
0.065 
0.066 
0.066 
0.066 

0.064 

0.101 

0.101 

0.101 

0.102 

0.098 
0.101 

0 ow9 

Constant 
Thickness 
Comparison 

Thermal 
Conduc- 
t i v i t y  (K) 

BTU/rcc, in ,  OF 

-6 1039 x 10 

1828 x 
1520 x loo6 
1740 x 
1630 x IOm6 

1575 x 
1470 x 

1620 x , 
1620 x 10” 
1620 x 
1740 x 
2240 x 
1680 x 

1680 x lom6 

3elat ive 
Standing 

10 

2 

8 
3 
5 
7 
9 

Constant 
Weight 

C ompa r i son 

1.62 x 
2.86 x 
2.34 x 10” 

2.68 x lo-‘ 
2.47 x 
2.39 x lo-’ 
2.23 x 

2.05 x loo2 
1.60 x lo-’ 
1.60 x 
1.71 x 
2.28 x 
1.66 x 
1.70 x 

Relative 
Standing 

12 

1 

5 
2 

3 
4 

7 

8 
13 
13 
9 
6 

11 

10 



More recent inquir ies ,  however, have produced assurance tha t  w e  w i l l  be 

ab le  t o  obtain magnesium of adequate thickness, though not necessar i ly  

i n  the  preferred alloys.  

The use of an adhesive is planned fo r  thermal and mechanical joining of 

t he  c e l l s  t o  the  metal case. 
thermal conductivity, good adhesion t o  styrene, high peal strength,  good 
f l e x i b i l i t y ,  and good resistance t o  KOH. Tests on candidate adhesives 
showed that  a s i l i con  rubber based material (BAC 5010 type 60) w i l l  be 

s ui tab le  . 

Properties desired of t h i s  adhesive are high 

Battery Package Design 

A f t e r  packaging materials studies were made and the  thermal design guideline 
established, 23 packaging design approaches were conceived, studied and 
evaluated. These concepts differed i n  geometrical layout, s t ruc tu ra l  
arrangement, manufacturing technique, and thermal effectiveness. Table 4 
summarizes the designs considered. 

I n  evaluating these concepts, subs tan t ia l  weight was given t o  thermal 

considerations. Table 5 summarizes the evaluation of ba t te ry  packaging 

concepts. 
a detailed design was made based on t h i s  concept. 

was constructed (Figure 13). 
of t he  package, but does show t h e  general arrangement. 

features are: 

This evaluation showed concept 6b t o  be the  best choice, and so 
A mockup of t he  package 

This mockup does not r e f l e c t  f i n a l  dimensions 
Some design 

1. 
2. 

3. 

Cells a r e  la id  out i n  a row two c e l l s  wide and 14  c e l l s  long. 
Metal f i n s  are placed adjacent t o  each pair of ce l l s .  
Magnesium i s  used throughout except fo r  the  two high 

end-pieces which a r e  non-metallic. 
Cooling for  each c e l l  is provided from two faces, one 

edge, and the  bottom. Surfaces not cooled are the 

top and the  second edge. 

4. 
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5.  

6.  

7. 

Two c e l l  venting manifolds are mounted above the  ce l l s .  
The manifolds consist  of polyethylene tubing with nylon 
Swagelok f i t t i ngs .  

Connectors f o r  power and instrumentation are located a t  

one end of the battery. Pressure inetrumentation i s  

housed a t  the other  end. 
Attachment t o  the  NASA cold p l a t e  i s  made by bol t ing 

in to  threaded in se r t s  i n  the bottom of the battery.  
NASA w i l l  be given a d r i l l  template t o  locate  b o l t  
holes i n  the  cold plate.  

Cell  Selection and Matchinq 

Cells received from t h e  vendor w i l l  be tested t o  c u l l  out  defective ce l l s .  

The c e l l s  w i l l  then be grouped in to  eight  c losely matched sets. 
qua l i ty  control  during manufacture i s  believed t o  be t h e  most important 
s t ep  i n  assuring a close match, bu t  tests w i l l  be conducted nevertheless 
i n  order t o  improve the  match. 

Close 

Unfortunately, there  i s  no t e s t  yet available that w i l l  give an ear ly  
prediction of fu tu re  performance d i f f i cu l t i e s .  
shor t s  i s  the only one believed t o  have m e r i t ,  and t h i s  w i l l  be used t o  

help c u l l  out suspicious cells. 

cadmium ce l l s ,  cons is t s  of these steps:  

A test t o  reveal  i n t e rna l  

This tes t ,  which wa6 tr ied out on s i l v e r  

1. Ful ly  discharge a l l  cel ls .  
2. 

3. 
Replace 0.5 percent of the  c e l l  capacity by charging. 
Record open c i r c u i t  voltage decay with t i m e  (bad 

c e l l s  decay f a s t ) .  

Matching of c e l l s  w i l l  be done primarily on the  basis of  capacity. 
have found, however, that though some c e l l s  of a group have t h e  s a m e  
capacity, they w i l l  often d i f fe r  somewhat i n  other  respects. Therefore, 

w e  believe that some weight should be given t o  factors  other  than capacity. 
I n  order t o  experiment w i t h  matching based on multiple c r i t e r i a ,  tests 

We 

34 



were conducted on three ampere-hour s i l v e r  cadmium ce l l s .  
se lect ion of ba t t e ry  un i t s  was accomplished with the  ass i tance  of a 

computer program i n  which a weighting factor ,  based on judgment, w a s  

assigned t o  each of the  following: 

Matching fo r  

1. 

2. 

3. 

4. 

5 .  
6. 

Charge ampere hours a t  constant current t o  a 

l imi t ing  voltage. 
Capacity a t  constant current discharge t o  a l imit ing 
voltage. 
Remaining capacity at discharge from l imi t ing  
voltage t o  0.1 volts, 
Charge ampere hours a t  t rans i t ion  from lower 
plateau t o  upper plateau. 
Upper plateau voltage (mid-range) during charge. 
Lower plateau voltage ( mid-range) during discharge. 
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6. THERMAL ANALYSIS 

REQUIREMENTS 

A contract requirement is a detai led thennal analys-s which w i l l  predict  
accurately heat generation and temperatures over a wide range of operating 
modes. 
delivered. 

A computer program for performing the  thermal analysis  is t o  be 

WORK COMPLETED 

Heat Generation 

The heat generation i n  70-AH s i l v e r  cadmium c e l l s  has been measured t o  
obtain data fo r  establishing a correlat ion method. The experimental 
procedure used was t o  encapsulate a c e l l  i n  water-proofed foam, place it 
i n  a water bath closely-controlled i n  temperature, and cycle the  c e l l  
u n t i l  thermal and electrochemical r epea tab i l i t y  i s  at ta ined.  

c e l l  and water bath temperatures, c e l l  current,  and c e l l  voltage were 
recorded. Using the foam 8 6  a cal ibrated thermal res is tance,  instantaneous 
heat generation r a t e s  were determined using the  equation 

Trans ien t  

q = heat conducted + heat stored 
dT q = K(T - Ts) +MCp de 

where q = heat generation r a t e  
K = insu la t ion  constant 
T = c e l l  temperature 
T,= sink temperature 
M = c e l l  weight 
C, = c e l l  specif ic  heat 

8 = time 



The insulat ion constant, K ,  i s  determined by a n  e n e r u  be lance  over  9 

complete cycle of duration et, using the temperature, voltage and  r*:.rrent 

data; thus 

Pt 
YT - de = 
0 '0 

i n  which W 

gassing. 

i s  a minor correction for  energy devoted t o  i r revers ib le  
gas 

Typical experimental heat generation da ta  obtained i s  shown i n  Figure 14.  
H e a t  generation rates during discharge are noted t o  be higher t h a n  dur ing  

charge, which i s  typical.  
flow during t h e  f irst  part of charge, which is due t o  the  reversible  
entropy change that occurs a t  t h i s  t i m e .  

Also of i n t e r e s t  i s  the s l i gh t  negative heat 

A correlat ion of heat generation with ba t te ry  e l e c t r i c a l  parameters i s  

desirable fo r  making accurate t h e m 1  predictions over a wide range of 
operating conditions. To get t h i s  correlation, a procedure has been 

developed for  expressing heat generation i n  terms tha t  are related t o  
ba t te ry  chemistry. 
i s  

The expression derived for  instantaneous heat generation 

r 7 

- E,B, OS J q = I  1 V - < E P H  - (1 - 
where : q = heat generation rate i n  watts; 

I = current i n  amperes(Positive f o r  charge, negative for  

L = current  eff ic iency (1.0 o r  less fo r  charge, 1.0 for  

V = c e l l  terminal voltage 

discharge) 

discharge) 

EAB = enthalpy voltage corresponding t o  t h e  heat of 
reaction, equal t o  & 

where A H  i s  t h e  enthalpy change, Z i s  the  number 
of electrons per molecule reacted, and F i s  a Farady .  

pr 
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If there  were only one chemical reaction, E,B would be constant 
throughout charge and discharge. 
react ions occuring a t  d i f f e r e n t  ra tes ,  

Since there  a r e  severa l  simultaneous 
i s  not qu i te  constant. 

E L H  

The last group of terms i n  t he  correlat ion expression i s  important only 
i f  a subs tan t ia l  amount of gassing i s  permitted. 
less than  one or two percent of the energy change would be associated with 
t h i s  gassing e f fec t .  

Under proper charging, 

The r igh t  half of Figure 14 shows the  correlat ion of calculated heat 

generation w i t h  measured heat generation. 
correlat ion terms have been combined t o  r e s u l t  i n  an equation of the  form 

I n  t h i s  example some of the 

Temperature Prediction 

The temperature of t he  ba t te ry  w i l l  be predicted by means of an ana ly t i ca l  

network model of t he  real system, solved with a d i g i t a l  computer. The 
*del CCEsists ~f l.m$ed-i~~ss i i ~ d ~ i ; ,  lieat SO-L-CZS at the iiodes, and 

radiat ion and so l id  conductors between nodes. The equation which i s  solved 
by the computer i s  

I 
(3 - t . )  1 + s )  

31 

+ where ti is  the fu ture  temperature of a typ ica l  node i with heat transfer 
t o  j other nodes. 
Ci, heat sources a r e  designated Si, conductors are K and t i m e  is7;. 

Knowing the present temperatures, t h i s  equation i s  applied t o  each node 
t o  y-leld new temperatures f o r  the complete network. 

The present temperature i s  t thermal capacitance is i’ 

J i ’  

I n  order t o  obtain thermal conductance data, tests were performed on a 

70 ampere-hour silver cadmium cel l .  
material of knuwn thermal conductivity, and the  temperature gradients were 

The c e l l  was placed i n  series with a 
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compared. 
chosen as the  comparison material because i t s  thermal conductivity i s  i n  

the proper range and i s  known accurately. 

Figure 1 5  shows the t e s t  arrangement. Plexiglas Type 2 was 

Test r e s u l t s  show that the  apparent t h e r m 1  conductivity p a r a l l e l  t o  t he  

p l a t e s  i s  0.42 BTu/Hr, ft , 
conductivity i s  0.27 BTU/Hr, ft , "F/ft .  
same f o r  both a charged c e l l  and a discharged c e l l ,  within the  experimental 
error .  Also, the  experimental resu l t s  showed f a i r  agreement with 
theo re t i ca l  predictions,  which gives confidence i n  t he  method being used. 

2 0  F/ft;  and perpendicular t o  the  p h t e s  the  

Results were found t o  be the  2 

Temperature prediction e f f o r t s  have been applied t o  providing design 
c r i t e r i a  for  ba t t e ry  packaging, as previously discussed. To do t h i s ,  
de ta i led  ana ly t i ca l  m d e l  of a s ingle  c e l l  was made, and was used t o  
obtain the data shown i n  Figures 11 and 12. 

m o d e l  w i l l  be used i n  the  f inal  temperature prediction program. 

A refinement of t h i s  thermal 

The computer program f o r  temperature prediction i s  shown schematically i n  
Figure 16. 
power system operation variables a r e  supplied i n  t he  form of current and 
voltage versus time, and experimental values of enthalpy voltage a r e  a l s o  
inputed. This subroutine w i l l  be used i n  two ana ly t i ca l  models. 
a microscopic model which w i l l  give f i n e  resolut ion of temperature 
gradients  within a c e l l ,  and w i l l  c a l c u h t e  data of a type that cannot 
e a s i l y  be measured. 
It w i l l  be useful i n  predict ing e f f ec t s  of c e l l  o r  packaging improvements, 
and i n  analyzing e f f ec t s  of non-uniform design o r  heat generation. 

H e a t  generation i s  predicted i n  a subroutine. Mission and 

One i s  

The microscopic model w i l l  have more than 500 nodes. 

The second ana ly t i ca l  model w i l l  be a macroscopic ba t t e ry  mdel. 

function i s  t o  determine temperature gradients t h a t  can occur over the 
e n t i r e  package. 
symmetrical packaging, and cold p l a t e  asymmetry. 
defined . 

I t s  

The model w i l l  show the  e f f e c t s  of c e l l  imbalance, non- 
This model is  not ye t  
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REQUIREMENTS 

A contract  requirement i s  the  design and fabr ica t ion  of two calorimeters 
f o r  de ta i led  measurement of i n t e r n a l  heat generation i n  the  ba t t e r i e s .  

I n  addition, It is required that  two batteries be spec ia l ly  instrumented 
fo r  calorimeter tests. 

The calorimeter concept planned is  shown i n  Figure 17. 
coldplate  normally used i n  t e s t s  i s  replaced by a heat exchanger designed 
f o r  thermal measurements, and the battery-calorimeter assembly is insulated 

t o  minimize heat exchange with the  environment. H e a t  input  t o  the  f l u i d  i s  
determined by measurement of f l u i d  flow rates and I n l e t  and ou t l e t  temperatures. 
Heat s tored is measured by recording ba t t e ry  temperature change with t i m e ,  
The heat generated i s  then equal t o  the sum of heat flow t o  the f lu id  plus 
h e a t  s tored i n  t he  ba t t e ry  and calorimeter. 

The NASA-furnished 

This approach t o  calorimetry was chosen f o r  these reasons: 
1. 
2, 

This method w i l l  determine heat generation rates effect ively.  
Temperature d is t r ibu t ion  i n  the  ba t t e ry  during heat generation 
t e s t ing  w i l l  be the  same as during other  t e s t s .  

ba t t e ry  chemistry should be the  same. 
H e a t  generation r a t e s  w i l l  be separated i n t o  r e a l i s t i c  

proportions between heat s tored and heat  re jected,  which 

i s  a necessary breakdown t o  design the  thermal control  

Therefore, 

3. 

system. 
4. The calorimeter can serve as a cold p l a t e  p r io r  t o  and 

following heat  generation testing. 
tests can be conducted without disrupt ing l i f e  tests. 

Therefore, heat  generation 

The c r i t i c a l  measurement i n  the  calorimeter is  t h e  temperature change of 
the cooling f l u i d  from inlet t o  ou t l e t ,  
and e i the r  of two a l t e rna t ives  m y  be used effect ively.  

This problem has been studied, 
One method is t o  
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use a copper-constantan thermopile instrumented t o  sense temperature 

difference d i rec t ly .  
only 4 1/2 percent over the required 60'F t o  gO'F range with t h i s  approach. 
The other method i s  t o  use thermistors. However, the  output of thermistors 

is n3 t  l i n e a r ,  so i f  we use thermistors w e  would use a l inear iza t ion  

c i r c u i t  of the  type shown i n  Figure 18. 
a function of  the  thermistor res is tance and t h e  beta  fac tor  of the 

thermistor. 
the temperature difference from i n l e t  t o  out le t .  

The output voltage of t he  thermopiles w i l l  vary 

The r e s i s t o r  values required are 

This c i r c u i t  w i l l  provide an output voltage proportional t o  

Bperimental  calorimetry work a t  Boeing has shown that it i a  very tedious 
t o  process the test  data manually. We intend to furnish a computer program 
for processing th i s  data, although the program is not spec i f ica l ly  required 
by the contract .  

delta T versus time, insulat ion correction factors ,  and a f l u i d  f r i c t i o n  

correction. 
with separated in to  heat stored and heat t o  the f lu id .  

I 

Inputs t o  the program w i l l  be temperature, f low r a t e  and 

The output of the program W i l l  be heat generation versus time, 
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a 8. BA"ERY CHARGEDISCHARGE CONTROLLER 

The Boeing Company i s  required t o  develop and provide four charge- 
discharge cont ro l le rs  fo r  cycling the  batteries. Two ident ica l  cabinets 
shall be provided, w i t h  two control lers  i n  each cabinet. 
are ident ica l ,  except tha t  one has a mnually-adjustable load, whereas 
the  other  has a programmable load. 
variable up t o  a t  least 70 amperes. 
a minimum of 10 load l eve l s  on a s ing le  discharge cycle over a current 
range of 0.7 t o  210 amperes, with ind iv idua l  "on time" adjustable  from 

one second t o  two hours. 

The cont ro l le rs  

The manually-adjustable load must be 

The prograummble load must provide 

A var i e ty  of d i r e c t  reading and analog readout instruments are required. 
Instruments requiring developent  are: 

1. An ampere-hour meter with analog readout, reading up t o  

100 ampere-hours; 
A watt-hour meter w i t h  analog readout and reading u? t o  2. 
2500 watt-hours. 

WORK COMPLETED 

Design of the charge-discharge cont ro l le r  has been completed. 
available components have been selected and ordered, and assembly of the 

cabinets bas been started. 

Conmercially 

Battery Charge-Discharge Controller Description 
A simplified functional diagram of the cont ro l le r  appears i n  Figure 19. 
Three shunts a r e  used i n  each control ler ,  one t o  measure charge current,  

another t o  measure discharge current, and the t h i r d  t o  provide signals 
to  the  ampere-hour and watt-hour meters. Multiple shunts are used f o r  
current measurement because there i s  a large difference between t h e  

nmximum charge current (20 amperes) and the maximum discharge current  

(210 amperes) . 
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A Dual-Trol timer controls  t he  charge-discharge cycle f o r  the manually 

adjustable  load, and a punched-tape programmer controls  the  charge- 

discharge cycle and load prof i le  f o r  the  programmable load. 

A block diagram of the  control ler  appears i n  Figure 20, and the  arrangement 
of components on t h e  cabinet i s  shown i n  Figure 21. A schematic diagram of 
a cabinet containing two control lers  i s  shown i n  Figure 22. 

k n u a l l y  Ad  justable  Load 
The manually adjustable  load is variable from 0.56 t o  70 amperes, based 
on a 28 vo l t  bat tery.  
Closing switches 9 through 13 w i l l  provide a lmd current within 2.2 
amperes of t he  desired value. 
having a range of 0.56 t o  2.8 amperes for  f i n e  adjustment of current.  
Table 6 shows the combinations of switch posi t ions that provide the  
required current o r  res i s tance  values. 

A schematic of this load is  shown i n  Figure 23. 

Closing switch 8 connects i n  a rheostat  

A recycling Dual-Trol t i m e r  controls the charge-discharge cycle f o r  the 

ba t t e ry  connected t o  the  manually adjustable  load. This timer cons is t s  

of two individual timing mechanisms which sequent ia l ly  pulse a l a t c h  

relay.  
cont ro ls  the discharge duration. 
hours discharge t i m e ,  and 0 t o  30 hours charge time. 

One timing mechanism controls the  charge duration, and t h e  other  
The timing mechanisms provide 0 to 3 

Projtpmmable Load 
The progranrmable load provides any desired ba t t e ry  discharge current 

between 0.7 and 210 amperes i n  0.7 ampere increments. A schematic of 

t h i s  load is  shown i n  Figure 24. The load values a r e  achieved by t h e  
closing and opening of relays.  A separate channel i n  the  punched tape 

programer is assigned t o  each load relay. 

punches that provide the  305 possible load levels.  

Table 7 shows t h e  hole 
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FIGURE 20 BATTERY CHARGEIDISCHARGE CONTROLLER BLOCK DIAGRAM 
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TABLE t' 

SWITCH CLOSURES FOR FIXED JxlAD %TI'INGS 

S W I E H  

8 
8-9 
8-10 
8-9-10 

8-9-11 
8-10-11 
8-9-10-13. 
8-12 
8-9-12 
8-10-12 
8-9-10-12 
8-11-12 
8-9-11-12 
8-10-n-12 
8-9 -10-ll-12 

8-13 

8-10-13 

8 4 - 1 3  

8-11 

8-9-13 

8-9-10-13 

8-9-n-13 
8-10-11-13 
8-9-10-U-13 
8-12-13 

8-10-12-13 

8-u-12-13 

8-10-n-12-13 

8-9-12-13 

8-9-10-12-1.3 

8-9-U-12-13 

8-9-10-11-12-13 

CURRENT RANm - AMPERES* RESISTANCE RANGE - OHMS 

.56 - 2.8 

2.71- 5 
4.96 - 7.2 
7.16 - 9.4 
9.36 - 11.6 

11.56 - 13.8 
13.76 - 16 
15.96 - 18.2 

20.36 - 22.6 
18.16 - 20.4 

22.56 - 24.8 
24.76 - 27.0 
26.96 - 29.2 
29.16 - 3 . 4  
3.36 - 33.6 
33.56 - 35.8 
35.76 - 38.0 
37.96 - 40.2 
40.16 - 42.4 
42.36 - 44.6 
44.56 - 46.8 
46.76 - 4.0 
48.96 - r . 2  

51.16 - 53.4 
53.36 - 55.6 
55.56 - 57.8 
57.76 - 60.0 
59.96 - 62.2 
62.16 - 64.4 
64.36 - 66.6 
66.56 - 68.8 
68.76 - 71 

0.782 

0.737 
0.697 
0.660 
0.628 
0.598 
0.571 
0.547 
0.524 
0.504 
0.484 
0. 467 
0.450 
0. 435 
0.4m 
0.407 
0.394 
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Punch Channel 
) 1 2 3 4 5 6 7 8  y 

x x  
x x  

x x x  
XI x x  

x x x  
x x x x  

x x x  
a x x  x x  

x x x  
x x x x  

x x x x  
x x  x x x  

x x  x x  
x x x  x x  

x x x  x x  
x x x x  x x  

xx x 
x xx x 

x Y X  

x x  x x  
x x  x x 

x x x  x x 
x x x  

x x x  x 
x x x x  

x x  x x x 
x x  x x 

x x x  x x 
x x x  x x 

x x x x  x x 
xx  x 

x xx x 

X 

I' 

.7 
1 . 4  
2.1 
2.8 
3 . 5  
4.2 
14.9 
*,.6 
6.3 
7.0 
7.7 
8.11 
9.1 
9.8 

10.5 
11.2 
11.9 
12.6 
13.3 
14.0 
14.7 
15.4 
16.1 
16. A 
17.5 
18.2 
18.9 
19.6 
Q.3 
'1.0 
?1.7 
?2.h 
?3.1 
?3.8 
?I. 5 
?5.2 
'5-9 
s . 6  
n.3 
?8.0 
?8.7 
9 . 4  
IO. 1 
P.8  
11.5 
P.2 
12.9 
13.6 
14.3 
15.0 
15.7 
16.4 
n.1 
17.8 
18.5 
l9.2 
8.9 
10.6 
11.3 
12.0 
b2.7 
13.4 
14.1 

14.8 

6.2 
6.9 
7.6 
8.3 
9.0 
9.7 
0.4 
1.1 
1.8 
2.5 
3.2 
3.9 
4.6 
5.3 
6.0 
6.7 

(Aaps) 

15.5 

rent I 

Table '/ 

3.0 
l 3 . j 3 <  
10.0 
8.0 
6.666 
5.72 
5.0 
4.45 
4.0 
7.638 
3.333 
3.078 
2.857 
2.666 
2.500 
2.353 
2.221 
2.105 
P.0 
1.905 
1.811 
1.14 
1.666 
1.60 
1.538 
1.472 
1.428 
1.38 
1.332 
1.29 
1.25 
1.213 
1.175 
1.142 
1.112 
1.081 
1.051 
1.027 
1.0 

.9M 

.953 

R Punch Channel 
Ohme) 1 2 3  4'16 7 85  
a.o I x  

x 
x x 

x x 
x x  

x x x  
X 

x x 
x x 

x x x 

x x x  
x x x  

x x x x  

x x 
x x 

x x x 
x x  

X X x 
X X X  

x x x  x 
X 

x x 
x x 

x x 
x x 

x 'I x 
x x  x 

x xf x 
X 

x X 
X x 

x x x 
x x 

x x x 
X X  x 

x X. x 

x x  

X 

X 

x X 
x x 

.930 

.908 

. W x  

.a70 

.a52 

.833 

.a17 

.eo 

.784 

.77 

.755 

.742 

.727 

.714 

.703 

.69 

.678 
,666 
.656 
.646 
.635 
.625 
.6.6 
.607 
.598 
.588 
.58 
-572 
.:63 
.5% 
.548 
.5bl 

x x x 
x x 

x x  x 
x x 

x xx 
x x  

x x x  

x 
x 

x x 

x 
x 

X Xx 

x 
x 

x x 
X 

x X 

x 

x x 
x 

x 
x s 

x XX 

x 
x x  

X 

X 
X 

X 
X 
x 
X 
X 

X 

X 

X 

X 

X 
X 
I 
X 
X 
X 
X 
X 
X 

X 

.533 

.525 

.>m 
-513 
.507 
.5 
.494 

x x x 
X x x 

x x  x x 
x x x 

x x x x 
x x  x x 

x x x  x x 

I 
I& on 28.0 Volt# 

18.1 
18.8 
59.5 
60.2 
60.9 
61.6 
62.3 
63.0 
63.7 
64.4 
65.1 
65.0 
6 . 5  
67.2 
67.9 
68.6 
69.3 
70.0 
70.7 
71.4 
72.1 
72.8 
73.5 
74.2 
74.9 
75.6 
76.3 
77 .O 
77.7 
18.4 
79.1 
'19.8 
60.5 

81.9 
82.6 
83.3 
84.0 
84.7 
85.4 
86.1 
06.8 
87.5 
88.2 
88.9 
eS.6 
90.3 
91.0 
91.7 
92. 4 

81.2 

93.1 
93.8 
94.5 
95.2 
95.9 
96.6 
97.3 
98.0 
98.7 
99.4 
00.1 
00.8 
01.5 
02.2 
02.9 
33.6 
14.3 
15.0 
)5.7 
6.4 
V.1 
37.8 
18.5 
39.2 
39.9 
10.6 
11.3 
12.0 
12.7 
13.4 

,483 
,476 
.471 
.465 
,460 
.455 
A49 
,444 
,440  
.435 
, 430  
.426 
.421 
.417 
. h l 2  
.408 
.404 
,400 
.396 
,392 
* 388 
.384 
.381 
,377 
.374 

367 
3642 
360t 
357: 
354 
351: 
3'r8 
345 
342 
339 
336 
333 
331 
328 
325; 
323 
320 
317: 
31u 
3121 
310 
9 8  
305: 
303 
3005 
299 
296: 
4'1 
292 
290 
288 
206 
2837 
281: 
279i 
278 
276 
274 
272 
T O 5  
2683 
a 5  

'635 
%18 
m 
582 
2 5 6  
25 5 
2535 
2517 
250 
2483 
?47 

370: 

?652 

I 

x x  
X 

x x  
x x  

x x  x 

X 

X 
x x  

x x  
x x  x 

x x  
x x x  

X 
X 

x x  
X 

x x  
x x  

x x  x 
X 

x x  
x x  

x x  x 
x x  

x x x  
x x x  

x x x x  
X 

X X 
x x  

x x  x 
x x  

1 x x  
x x  x 

I X X  x 
x x  

I x x  
x X I  

t x  x x  
x x  x 

I x x  x 
x x  x 

c x x x  x 
X 

c X 
x x  

x x  
x x  
x x  
x x  
x x  
x x  
x x  
x x  
x x  
x x  
x x  
x x  
x x  
x x  

X 
X 
X 

X 

X 
X 
X 

X 
X 

X 
X 
X 
X 
X 
X 

X 
X 

X 
X 
I 
X 
X 
X 

X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
X 

114 .8  
115.5 
116.2 
116.9 
117.6 
118.3 
119.0 
119.7 
120.4 
121.1 
121.8 
122.5 
123.2 
123.9 
124.6 
125.3 
126.0 
126.7 
127.4 
128.1 
128.8 
129.5 
130.2 
130.9 

132.3 
133.0 
133.7 
134.4 
135.1 
135.8 
136.5 
137.2 

131.6 

137.9 
138.6 
139.3 
1m.o 
140.7 
141. 4 
142.1 
142.8 
143.5 
144.2 
144.9 
145.6 
146.3 
147.0 
147.7 
148.4 
149.1 
14.8 
150.5 
151.2 
151.9 
152.6 
153.3 
154.0 
154.7 
155.4 
156.1 
156.8 
157.5 
158.2 
158.9 
159.6 
160.3 
161.1 
161.7 
162.4 
163.1 
163.8 
164.5 
165.2 
165.9 
166.6 
167.3 
168.0 
168.7 
169.4 
170.1 

.zh6 

.2432 

.2415 

.7397 

.23R 

.237 
-2355 
.2342 
.2325 
.2312 
.230 
.2287 
.2275 
.2%1 
.224', 
.2233 
.2223 
.2216 
.220 
. a 8 5  
,2175 
.2163 
.21> 
.214 
.213 
,2117 
.2109 
.2097 
.2085 
.2076 
.a362 
,2053 
.a4 
. a 3 2  
. a 2  
.2012 
.m 
.1992 
.19& 
.197 
.1961 
.1952 
.194 
-1932 
.192 
.1917 
.l905 . lesa . la88 
.1878 . le7 
.le62 
.1851 
.1844 
.le35 
.1827 
.1821 
.1812 
.1&4 
.IT93 
.17@ . in8 
.177 
.1764 
-1757 
1747 
174 
1734 
1725 
1717 
171 
1704 
1693 

2 
1674 
1665 
1662 
1652 
1647 

Rinch Chnnnel  I* 

X 171.5 
X X 172.2 

X x  X 172.9 
X X x  X 173.6 

X X 174.3 
X X 175.0 

X X 175.7 
x x  X X x 176.4 

x x  x x 177.1 
x x x  x x 177.8 

x x x  x x 178.5 
X X x x  X 179.2 

x X  X 179.9 
x Xx x 183.6 

X 181.3 
x 182.0 

X X 182.7 
X X  183.4 

184.1 
x x  184.8 

185.5 
x x x  106.2 

186.9 
X 187.6 

108.3 

l B . 7  

191.1 

192.5 
x x  193.2 

193.9 

195.3 

X 

x ; ; 
x x  x x 

x x  x x l@.O 

x x x  x 190.4 

X 191.8 
X x x  

xx X 

x X xx  194.6 

x x x  xx  196.0 
x xx 196.7 

x x  198.1 
X X  x xx 198.8 
IX 'Ix 19 .5  

x x x  xx 200.2 
x x x  xx 200.9 

x X X x  xX 201.6 ' xx 202.3 
X 203.0 

= xx 203.7 
x xx 204.4 

xx 205.1 
x x x = 205.8 

206.5 
x x x  x 207.2 

207.9 
X x  208.6 

209.3 
x x  = 210.0 

210.7 
= x x  = 211.4 

x x x x  = 212.1 
x x x  xx = 212.8 

"I 

X 197.4 

x xx 

x x  = 
x x  = 
x x  x. 

213.5 
I x =  

x x m  

x X P  
x x  x =  

x x  x x 
x x x  x x 

x x  n 
x x x  XI( 

x x x  x 
x x  x x  = 

x x  x = 
x x x x  = 

x x x  x lm 
X X I X  x = 

X X  lm 
x x x  si 

x x  x x. 

.16jP 

.lo% 

.1621 

.1615 

.I607 

.1m 

.I594 

.1587 

.1583 

.1574 

.1568 

.1562 

.1558 

.155 

.1547 

.154 
-1533 

.1521 

.1518 

.1510 

.1504 

.I499 
.1495 
.1487 
lU2 
1478 
1470 
1466 
1460 

.1526 

1454 
1450 
1446 
144 
1434 
143 
1424 
1418 
1414 
1407 
1404 
1398 
1394 
1390 
1387 
13% 
1377 
1370 
1367 
1360 
1357 
1350 
1348 
1341 
1339 
1332 
1330 
1326 
1320 
1317 
1312 

K x  xa 
x xa 
X x a  

Xx xa 
K x x  xx 

X xa 
K X xa 

x x xx 
K X  x X I  

X X xa 
K X X  xa 

X X X  xa 
K X X X  xa 

x xx 
K x xa 

x x X I  

K X  x xx 
x x xa 

K X X X I  
Xx  X xa 

X X  xa 
I( X X  XI 

x xx X I  
K X  X X  xa 

x X X  x a  
x xx  x x  

x x  xx  x x  
x x  Y X  x x  

x x x  
x x x  

x x xx  
x x x x  

x x x x  
x x x x  

x x  x x x  
: x x  x x x  

x x xx  
I x x x x  
x x x x x  

: x  x x x x  
x x  x x x  

I x x x x a  
x x  x x xx 

c x x x  x x a  

K X X  X X I  

x x  xx X 

: x  x x x x  
I x  xx xx 

xx xa 
x xx  X I  

xx  xx 
[ X X  x x x a  

xxx XI 
[ xxx xx  

x xxx xa 
t x xxx xa 

x xxx X I  

xx  xx 

1 X XXx xa 
X x n x  xa 

I x x xxx xa 
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The punched t ape  programmer (Figure 25)  has 22 channels. 

contacts  wMch complete c i r cu i t s  through holes i n  the tape (Figure 26). 
Channels i n  the  punched tape a re  assigned t o  the  load relays,  t i m e  

i n t e rva l  selection, control of charge and discharge events, and reset 
functions. 

It has brush 

The punched tape i s  advanced i n  steps,  one l i n e  a t  a t i m e .  

advance i s  a fixed rate of one l i n e  per second. 
ba t t e ry  can be changed every second. 
stepping rates a s  low as one l i n e  per 30 minutes. 
sources of steppfng sL$nals i s  controlled by a channel on the tape. 
Thus, the  duration of a given load i s  established by the  selection of  

t he  t i m e  delay to the  next stepping operation. 

The fastest 

Thus, t he  load om the  
Two adjustable timers provide 

Each of these three 

A l l  brush contacts on the programer are "make before break". 

there w i l l  be no interrupt ion i n  that portion of t h e  load which is 
unchanged from one stepping period to  the next. 

Thils, 

The tape fo r  t h e  punched-tape controller,  after being punched, can be 

spl iced i n t o  a continuous loop so tha t  the cont ro l le r  w i l l  repeat t h e  

charge and discharge cycle. Even the  most complicated load cycles can 
be achieved with tape lengths of a few feet by the  d iscre te  use of the 

one-line-per-second and slower tape advances. 
discharge progmm can be made by spl ic ing i n  new sections of tape, OF by 
covering the  appropriate punched holes with patching tape, and punching 

new holes as required. 

Changes i n  the  charge- 

Charge Control. Method 

The method of charge control i s  constant-current with limited voltage. 
This method i s  adequate fo r  t h i s  application because the  charge ampere-hours 
and discharge ampere-hours w i l l  not vary f r o m  cycle t o  cycle; therefore, the 

cberge current can be set t o  obtain charge termination a t  any desired 
ba t te ry  condition. Other charge control  methods would be considered f o r  

actual space missions where the  load i s  not fixed and repeatable. One of 
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t h e  most promising of these a l t e rna te  charge-control methods i s  one i n  
which current sensing terminates charge when the  charge current has decayed 

t o  a predetermined level .  
r ead i ly  a l t e r ed  t o  simulate other charge control  techniques. 

The charge cont ro l le r  being furnished can be 

Power supply (Bat tery Charger1 
Major fac tors  i n  se lec t ing  the  power supply were requirements for  low 
r ipp le ,  c lose voltage regulation, and high s tab i l i ty .  Low r ipp le  i s  

desired because of possible adverse e f f ec t s  on the  battery.  

voltage regulation is necessary t o  prevent overcharge or undercharge. 
High s t a b i l i t y  prevents d r i f t  of the  set point over a long period of 
time. 

Close 

The p o w e r  supply selected is made by Technipower, a Benrus subsidiary. 
Some of the operating charac te r i s t ics  of t h i s  un i t  a r e :  

Regulation 

Ripple 
S t a b i l i t y  

-+ O.Ol$ + 2mv l i n e ;  f 0.035 + 6mv load 

500 microvolts RMS o r  0.002$, whichever i s  greater  

0.Olqb + Imv fo r  8 hours after warmup. 

This supply w i l l  automatically change the  method of regulation f r o m  constant 
current  t o  constant voltage. 
l eve l s  can be adjusted independently. 

The constant voltage and constant current 

Current and Voltage Instrumentation 
Charge current i s  measured across a X)-ampere, W-mv shunt. Discharge 
current  i s  measured with a 75-ampere, W-mv shunt f o r  the fixed load, and 

with a l'jo-ampere, 100-mv shunt f o r  t he  programed load. 
and one percent mirror-scale instruments are provided f o r  monitoring current.  

Analog output 

The cell-voltage and battery-voltage monitoring method i s  shown i n  Figure 

27. Analog voltage output i s  provided fo r  a l l  t he  ce l l s ,  and one percent 
mirror-scale instruments a r e  provided fo r  v i sua l  monitoring of c e l l  
voltage with a manual se lec tor  switch. 

Bat tery voltage is monitored continuously w i t h  a separate voltmeter. 

instrument has a low-voltage cutoff t o  terminate discharge when the  ba t t e ry  
voltage drops below a present level.  The low-voltage cutoff portion of the  

This 
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meter i s  a contactless meter-relay w i t h  a l ight  source, a photoconducting 
c e l l ,  a mechanism t o  cut off  the l i g h t  a t  the  set point, a bridge which 
turns  off a s i l i con  controlled r e c t i f i e r  (SCR) and a load r e l ay  actuated 

by the  SCR. 

Temperature and Pressure Instrumentation 

Battery temperatures a r e  sensed with copper-constantan thermocouples. 

The thermocouple outputs a r e  monitored with a pyrometer using a manual 

selector  switch (Figure 28). 
NASA-MSC data recording system. 

A terminal s t r i p  is a l so  provided for  the  

Battery gas pressure i s  sensed by a strain-gage pressure transducer which 
requires  a 7-volt dc power  supply. The pressure i s  read on a mi l l ivo l t  
meter, appropriately cal ibrated f o r  a 0 t o  25 ps ia  scale. 

Ampere-Hour and Watt-Hour Meters 
Figures 29 and 30 show schermtics of the ampere-hour and watt-hour meters. 
The ampere-hour meter uses an  operational amplifier which integrates  a 

voltage that i s  proportional t o  current. 
a shunt. The theore t ica l  output of the amplifier is 

This voltage i s  developed across 

1 
Eout = 7 ~ !  Eint 

where R i s  resis tance i n  ohms, C is capacitance i n  farads, and t is  time 

i n  seconds. 
insulat ion resistance,  and the  amplifier must have low o f f s e t  current and 
voltage. 
and voltage. 

I n  order t o  minimize error ,  t h e  capacitor must have a high 

The balance control reduces the e r ror  caused by o f f s e t  current 

The watt-hour meter uses a H a l l  mult ipl ier  t o  obtain a signal that i s  
proportional t o  the  product of voltage and current. This signal is 
then integrated with an operational amplifier t o  obtain watt-hours. 
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